The flowing atmospheric pressure afterglow (FAPA) ion source operates in the ambient atmosphere and has been proven to be a promising tool for direct and rapid determination of numerous compounds. Here we linked a FAPA-MS system to an electrochemical flow cell for the identification of drug metabolites generated electrochemically in order to study simulated metabolic pathways. Psychostimulants and their metabolites produced by electrochemistry (EC) were detected on-line by FAPA-MS. The FAPA source has never been used before for an on-line connection with liquid flow, neither for identification of products generated in an electrochemical flow cell. The system was optimized to achieve the highest ionization efficiency by adjusting several parameters, including distances and angles between the ion source and the outlet of the EC system, the high voltage for plasma generation, flow-rates, and EC parameters. Simulated metabolites from tested compounds [methamphetamine (MAF), para-methoxy-Nmethylamphetamine (PMMA), dextromethorphan (DXM), and benzydamine (BAM)] were formed in the EC cell at various pH levels. In all cases the main products were oxidized substrates and compounds after N-demethylation. Generation of such products and their thorough on-line identification confirm that the cytochrome P450 -driven metabolism of pharmaceuticals can be efficiently simulated in an electrochemical cell; this approach may serve as a step towards predictive pharmacology using a fast and robust design.
Introduction
The owing atmospheric pressure aerglow (FAPA) [1] [2] [3] [4] and direct analysis in real time (DART) 5 are electrical-discharge-based devices that operate under ambient conditions and serve as efficient and robust ion sources for mass spectrometers. The distinct feature of these sources is that they do not utilize liquid ow to generate ions. Instead, modest-power plasma forms reagent ions from atmospheric gases, which in turn ionize target analyte species. 6, 7 Further, the hot gases issuing from the source can volatilize many analytes from solid, liquid, or aerosol surfaces directly, thereby eliminating sample preparation. The mechanism of ionization with the FAPA differs from that with an ESI source. In ESI, ionization proceeds via ion formation from charged droplets while the helium-operated FAPA possesses highly energetic species with an ionization potential as high as 24 eV, which interact with the sample material directly or by means of reagent ions generated from atmospheric constituents. Due to the absence of a mobile phase, as in the case of e.g. electrospray ionization (ESI), plasma-based ion sources have not been commonly linked to condensedphase separation systems, such as liquid chromatography. We found only a single report describing the connection of capillary electrophoresis to FAPA. 8 In contrast, plasma sources have been shown to be an excellent alternative to Electron Ionization (EI) for detection of molecules separated by gas chromatography. 9 Accordingly, the aim of the present work was to connect liquidbased separation with FAPA to fully utilize the power of an electrochemical cell for simulation of metabolic pathways for thorough and quantitative identication of products generated from several frequently used psychoactive substances.
Studies on drug metabolism are usually performed in vivo, involving live animals or humans, 10 or in vitro using animals or human liver microsomes.
11 These latter techniques, although accurately mimicking metabolic reactions that occur in the human body, are expensive, time-consuming, laborious, and always raise some ethical issues. Moreover, these methods require extensive purication and separation prior to identi-cation and quantication of all metabolites. Therefore, analytical techniques not involving live organisms attract strong attention. For instance, metabolic pathways can be simulated also by photodegradation by means of a TiO 2 /UV system in aqueous solution. It was shown that TiO 2 /UV oxidation provides complementary results to standard in vivo approaches of metabolism research.
12,13
It is known that the cytochrome P450 metabolism of pharmaceuticals present in liver hepatic cells can be efficiently simulated by electrochemical oxidation.
14-16
The greatest advantage of such experiments over other in vitro methods to study metabolism is the possibility of combining the electrochemistry system on-line with mass spectrometry detection, which is superior for metabolite detection and identication. The present paper represents the rst link of such an electrochemical system with mass spectrometry equipped with a FAPA source, which was applied for determination of the drugs of abuse. Earlier, electrospray (ESI) ionization was frequently the method of choice;
17 however, FAPA can provide important complementary results, in particular for small, hydrophobic compounds that poorly ionize in ESI.
1 Developments of electrochemistry in combination with mass spectrometry have recently been reviewed 18 and demonstrate it to be a reliable technique for simulation of metabolites.
14-17
The on-line combination of electrochemistry (EC) with mass spectrometry using the owing atmospheric pressure aerglow (FAPA) ion source provides a novel tool to study psychostimulants and their metabolites in a single-step experiment. This kind of study is important for several reasons. Metabolic processes are still not completely understood; not only these experiments can broaden our knowledge about metabolism, but also provide vital information on general mechanisms of addiction and the inuence of drugs on the human body.
19,20
Moreover, there is a constant increase in the number of new psychostimulants appearing on the market, with unknown side effects. Identication of metabolites is vital from the point of view of medical care and emergency treatment. Additionally, the increasing number of new substances, particularly legal highs and designer drugs, easily available or home-made produced, become a danger and demands new diagnostic techniques and ways of treatment, especially for adolescents. In this paper we demonstrate the potential applicability of the combination of EC and FAPA where, for the rst time, a liquid system is directly introduced into this ion source. This combination extends the capabilities of FAPA in predictive toxicology and forensic sciences.
21,22
Experimental section
Reagents and chemicals
Dextromethorphan (DXM) and benzydamine (BAM) were obtained from Acodin® and Tantum Rosa®, respectively. Active compounds were collected by dissolving the tablets in methanol, centrifuging the resultant (2 minutes, 6000 rpm, Hettich Zentrifugen Mikro 22R, Germany), and using the supernatant for further analyses. Methamphetamine (MAF) and paramethoxy-N-methylamphetamine (PMMA) were obtained by courtesy of Prof. Andrzej Parczewski (Department of Analytical Chemistry, Jagiellonian University, Krakow, Poland) under permission no.: GIF-N-P/4721/004/2004.
Ammonium formate was obtained from Fluka, ammonium hydroxide, ammonium bicarbonate, acetonitrile and methanol (both reagent grade) were obtained from J. T. Baker. Water was puried by a Simplicity UV Water Purication System (conductivity 18.2 MU cm, Millipore).
Stock solutions of BAM, MAF, PMMA and DXM were prepared in methanol at a concentration of 1 mg mL À1 and used to prepare fresh samples shortly before each experiment, as described below. The procedures were performed under written consent from country authorities in a restricted area of the laboratory.
Instrumentation
Mass spectrometry. A Bruker Esquire 3000 quadrupole ion trap mass spectrometer (Bruker Daltonics, Bremen, Germany) was used for all measurements. The ionization of all compounds was achieved with a NOVA011 (ERTEC, Wroclaw, Poland) helium-based owing atmospheric pressure aerglow (FAPA) source. The construction and design of the source have been described elsewhere. 23, 24 The FAPA source was mounted horizontally approx. 1.5 cm in front of the MS inlet (Fig. 1 ). The discharge power was adjustable within the range of 3-30 W, and for all experiments the maximal power of 30 W was used, as it provided the highest signal-to-noise ratio. The open-circuit voltage (20 kV) ensured self-ignition of the helium discharge. Helium (99.999 purity grade) was continuously delivered at a ow rate of 1.0 L min À1 . The typical ESI-MS source settings were found to be optimal also for the FAPA source, with the exception of the mass spectrometer entrance glass capillary voltage, where a lower potential (2 kV) compared to the standard ESI setting (4.5 kV) was used. The temperature of the glass capillary was set to 280 C, the drying gas ow was maintained at 5 L min À1 and the nebulizer gas (N 2 ) pressure was 15 psi. The scan range was set from 50 to 500 m/z. For MS/MS experiments the isolation width was set to 1 m/z and the fragmentation amplitude was in the range of 0.5 to 1 unit. The geometry of the coupling between the EC and FAPA source is described in the Results section. For EC-ESI-MS experiments the same as above mass spectrometry parameters were applied, except the glass capillary voltage where a potential of 4.5 kV was used. Electrochemistry (EC). The EC system used for the experiments was the ROXY™ potentiostat with a Dual-Piston Syringe Pump (Antec, Zoeterwoude, The Netherlands). This is one of the rst applications of the EC system for generation of metabolites produced from psychoactive compounds. 25 As a result, several working electrodes were evaluated for this purpose. The rst was a glassy carbon electrode (GC, from Antec, Zoeterwoude, The Netherlands) and the alternative was a boron-doped diamond electrode (MD -Magic Diamond™ electrode from Antec, Zoeterwoude, The Netherlands) consisting of an ultra-thin crystalline diamond layer deposited on top of a silicon substrate. The boron-doped diamond (BDD) electrode exhibits excellent inertness, and can be used with a large variety of mobile phases and chemicals. 26 Additionally, due to their high overpotential for oxygen, GC and BDD can be used over an extended potential range when oxidation reactions are performed. During the present experiments, when high potentials were applied, we did not observe any instability in the mass spectrometry signal, which indicated that gases were generated in the electrochemical cell and that hydrolysis of water occurred.
17,27
Stock solutions (1 mg mL À1 ) of BAM, MAF, PMMA and DXM were diluted with a buffer solution (composition described below) to a nal concentration of 0.1 mg mL À1 for the on-line EC-FAPA-MS experiments with a glassy carbon working electrode and 0.01 mg mL À1 for experiments with the boron-doped diamond working electrode. Both electrodes were tested as they generate distinct products. Three electrolytes of different pH values were used for electrochemical oxidation: (1) 50 mM ammonium bicarbonate, 50% acetonitrile, pH 9.0; (2) 20 mM ammonium formate, 50% acetonitrile, pH 7.4; (3) 0.1% formic acid, 50% acetonitrile, pH 2.0. Solutions of all analyzed compounds in all solvents were electrochemically oxidized at a ow rate of 10 mL min À1 in the ROXY™ potentiostat equipped with a thin-layer ReactorCell™ (Antec, Zoeterwoude, The Netherlands). The volume of the electrochemical cell was 0.75 mL. A three-electrode congura-tion was used during the experiment, i.e. the working electrode, the HyREF™ (Antec, Zoeterwoude, The Netherlands) palladium-hydrogen (Pd/H 2 ) reference electrode, and the auxiliary graphite electrode. The glassy carbon working electrode was nished with a polishing disc and diamond slurry provided by the manufacturer (Antec, Zoeterwoude, The Netherlands) prior to each experiment. The boron-doped diamond working electrode (BDD) was primed electrochemically. For this step, a syringe was lled with the mobile phase containing the supporting electrolyte (the same mobile phase used for oxidation of the drugs) and operated at a ow rate of 20 mL min À1 . The pulsed mode was used for 5 minutes with the following settings: . The commercial ESI source had been removed from the mass spectrometer and the high-voltage safety switch blocked with a small magnet. The delay time between product formation within the electrochemical cell and detection in the mass spectrometer was taken into account when the detected product was correlated with the working-electrode potential. The scheme describing all connections is shown in Fig. 1 .
Calibration curve preparation for EC-FAPA-MS linking
For quantitative studies, i.e., estimation of sensitivity and preparation of the standard curve, the EC system was replaced by using an autosampler and a loading pump. For sample injections a Famos autosampler (Thermo Scientic, USA, former LC Packings/Dionex, Amsterdam, The Netherlands) was used. The injection volume was set to 1 mL (full loop injection). The ow was delivered at a rate of 10 mL min À1 by using a Prominence LC-20AD liquid chromatography pump (Shimadzu, Kyoto, Japan). The mobile phase consisted of 50% acetonitrile in water. For this study, methamphetamine was selected at the following concentrations: 0.001; 0.002; 0.005; 0.01; 0.02; and 0.05 mg mL À1 , dissolved in 50% acetonitrile.
Results and discussion

Coupling EC to FAPA-MS
The EC/MS coupling interface was fabricated from plastic parts to avoid current ow between the EC outlet and MS inlet (see Fig. 1 ); such a current ow would probably lead to electrospray ionization. Even with the use of plastic parts, special precautions must be taken to avoid electrospraying or mixed electrospray/plasma ionization. The reason is that the electrochemical cell operates at a low potential, which can result in a considerable potential difference between the mass spectrometer inlet and the EC outlet (via the mobile phase). To avoid this effect, a safe distance must be maintained between the mass spectrometer inlet and EC outlet. That distance is set experimentally and should not be smaller than 5 mm. Under these conditions the impact of electrospray ionization can be neglected. The geometry of the coupling was optimized for the highest S/N ratio. The FAPA source was placed horizontally 15-20 mm from the mass spectrometer inlet (distance "a" in Fig. 1 ). The end of the EC capillary outlet (fused silica sticking out from a polyethylene T-piece union) was mounted 2-3 mm above the mass spectrometer inlet (marked as "c" in Fig. 1 ) and approximately in the middle of the distance between the mass spectrometer and FAPA source (8-10 mm from the mass spectrometer inlet -"b" in Fig. 1) . A nitrogen ow was used to maintain nebulization. The optimal gas pressure of ca. 15 psi provides the best signal stability and intensity. The angle between the FAPA source and the EC capillary (a in Fig. 1 ) has a strong impact on spectral quality, and was tested over the range from 30 to 120 degrees. The highest S/N was achieved when a was set to ca. 60 .
Coupling EC to ESI-MS
The outlet of the EC system was directly coupled to the standard ESI source by means of 50 cm long PEEK tubing (130 mm I.D.).
Signal stability, linearity and limit of detection
In order to verify the stability of the EC-FAPA coupling, the mass spectrometer baseline was measured for 60 min. An extracted ion chromatogram (EIC) of m/z ¼ 195.1, corresponding to protonated caffeine (50 mg mL À1 ), was used for calculations. The result reveals that signal deviation of the extracted ion chromatogram (not smoothed) do not exceed 10% (RSD) over the time tested. Caffeine was applied in this particular case to avoid unnecessary consumption of methamphetamine, as this experiment has no impact on further optimization of the system. A calibration curve was prepared by injecting methamphetamine with the aid of an autosampler at the following concentrations: 1; 2; 5; 10; 20; 50 mg mL À1 . At each concentration 1 mL injection was repeated three times and the calculated peak areas were averaged with an RSD not exceeding 20% for each concentration. Good linearity within the experimental range was observed with the following linear equation: y ¼ 447 000x-10 6 and R 2 ¼ 0.995. Based on the above experiments, the LOD for methamphetamine was estimated at 2.5 mg mL À1 . The calculations were made using the S/N ratio given by the Data Analysis soware for each calibration point and comparison to a blank region of the mass spectrum.
There are several papers showing extremely sensitive analyses using FAPA for some groups of compounds 28 but, in general, the sensitivity of the FAPA source (as well as other sources) is strongly compound-dependent. The psychostimulants studied in the present paper seem not to be the ideal candidates for achieving extremely good LODs, but the goal of our work was to show applicability of the entire EC/FAPA system as a part of predictive toxicology, where higher quantities of illegal synthetic substances are available.
Identication of metabolites
In order to obtain products generated electrochemically from psychostimulants, the substrates were introduced into the electrochemical cell at a ow rate of 10 mL min À1 . Depending on the pH of the solvent, various metabolites were observed (cf. Table 1 ). In all cases, mainly two types of products are observed: one corresponding to an increase in mass by 14 Da, and the second showing mass reduction by 14 Da. An increase in mass can be explained by a two-step process, consisting of oxidation, followed by dehydrogenation, although in the case of DXM only a dehydrogenated compound (À2 m/z) is observed.
The second case involves a reduction in mass by 14 Da and can be explained by a loss of CH 2 as a result of N-demethylation. In the case of DXM, a decrease in m/z of 16 is seen, corresponding to dehydrogenation and demethylation. The proposed structures of the identied oxidation products are shown in Fig. 2 . The structures were deduced on the basis of the EC-FAPA-MS and EC-ESI-MS experiments (hydroxylation of MAF, data not shown) and data available in the literature for PMMA 29, 30 and MAF. 31 The structures for BAM and DXM are not shown, although the literature indicates that the main metabolites for these compounds are N-demethylated and N(ring)-oxygenated products, 32, 33 and O-and N-demethylated products, 34 respectively. The formation of oxidation products can be clearly detected by monitoring the extracted ion chromatograms (EIC) for selected ions of interest (Fig. 3) .
A voltage increase in the electrochemical cell leads to oxidation of the substrate and results in a reduction in signal of the ion corresponding to the substrate. Simultaneously, oxidation products are formed and observed as an appearance of the target metabolite (see Fig. 3 ). The maximal conversion of the substrate into the product is observed for voltage range between 1-2.5 V for the glassy carbon and boron-doped diamond electrodes, although these values may vary, depending on the reaction. The example of EIC for DXM is shown in Fig. 3 . Fig. 4 presents the mass spectrum for this compound, and the MS/MS spectrum of the protonated DXM molecule, together with its oxidation product formed during the electrochemical process. The concern may arise whether the introduction of the liquid system into the FAPA source may affect the chemistry involved in the mechanism of ionization. This could lead to false conclusions about certain products formed that are generated in the FAPA source and not in the EC cell. To verify this hypothesis, all samples have been additionally measured with standard EC-ESI-MS and the results of both methods were compared. Until now the method of choice for the detection of the products generated in electrochemical cell has been electrospray, and therefore such verication should be an important element of LC-FAPA development. Additional experiments did not indicate any "undened" ion created in the gas phase of the FAPA source. All ions described in Table 1 were also seen in the ESI source (data not shown) what conrms that ions presented in the table are indeed products of the EC cell.
Due to the ongoing development of novel ion sources, there is continuous progress in mass spectrometry and its capabilities, for example progress from FAB to ESI and MALDI, and further to DESI, LAESI, etc. As DESI/LAESI employs similar ionization principles as ESI and MALDI, respectively, there seems to be little reason to explore them. In contrast, we consider FAPA to be complementary to ESI (or APCI or GC-MS), even though in many cases FAPA provides faster analysis, because it requires little or no sample preparation. Additionally, FAPA is advantageous because it can analyze solid samples directly and can serve as an imaging device (these features are currently being explored in our laboratory). The possibility of linking FAPA and a solution introduction system (here, CE) was the main goal of this study, which means that EC could be replaced by any other liquid-based separation system. 
